Abstract -A new scalable, modular hybrid solar power system is designed to generate electricity through two pathways, CPV and CSP, in order to better meet grid energy demands for reliable renewable energy. The key element, a transmissive, spectrum-splitting multi-junction solar module, is modeled and simulated to analyze its electrical, optical, and thermal properties. Optimized designs are proposed to deliver high efficiency visible light-to-electricity conversion while transmitting infrared light to a thermal receiver. Prospective challenges in the upcoming development and fabrication are discussed.
I. INTRODUCTION
Renewable energy resources, like wind and solar, can provide carbon-free, sustainable electricity. However, they function only when the wind is blowing or the sun is shining, resulting in unpredictable and rapidly changing electricity generation. Also, as photovoltaic (PV) penetration into electricity generation grows, the mismatch in timing between peak demand for electricity on the grid and peak PV electricity generation will become increasingly problematic [1] . These negative effects can be moderated by combining energy storage with primary generation, allowing intermittent renewables to become more competitive with traditional energy sources. However, today's high-cost electricity storage options will likely limit PV penetration to less than about 5% of U.S. primary energy before significant PV curtailments will be needed at times of high solar availability [2] .The system presented here employs concentrated PV (CPV) coupled with CSP (concentrated solar power), the latter of which features integral thermal energy capture and storage with on-demand electricity generation [3] .
Large, megawatt-scale solar power systems require a high initial investment and a large plot of non-sloping open land and are not the optimal choice for all circumstances. Traditionally, the installation of a new CSP generation facility requires significant fixed costs, making small and medium scale systems economically unrealistic. A modular, distributed system, like the one presented here, will allow a single design to be easily scaled to meet a large range of applications, greatly decreasing initial costs and removing the barrier on small and medium scaled systems. Systems with 1-100 kW power output capacity are ideal for meeting the energy needs of small communities, neighborhoods, or even large enterprises like hospitals, universities, and factories.
We therefore present a scalable, modular hybrid solar power system designed to generate electricity from CPV as well as provide thermal storage and on-demand, dispatchable 2 . The scalable and modular hybrid solar power system with distributed, small-scale thermal storage. A dish tracks the sun on a low cost solar tracker, concentrating sunlight onto the CPV, which passes part of the light onto the thermal receiver and storage Motivations for CPV and CSP hybrid power system. electricity generation from CSP (see Fig.2 ). Key components of the presented system include low cost dual axis bellowsbased trackers with concentrators, very high efficiency infrared (IR) transparent CPV modules, and small scale thermal receivers with integrated storage.
II. TRANSMISSIVE SOLAR MODULE
It is well known that photovoltaic cells can only utilize a limited region of the solar spectrum with high conversion efficiency [4] . The region corresponds to the spectral band that matches well with the spectral response of the particular PV cell. In contrast, solar thermal receivers are designed to maximize collection with uniform absorption over the entire solar spectrum. The methodology developed in this work takes advantages of these two features, aiming to generate very high efficiency utilization of the whole solar spectrum in the hybrid CPV/CSP system.
In the system presented here, an IR transparent CPV module acts as a spectrum splitter, effectively dividing solar radiation into two parts. Unlike a dichroic filter, which can only achieve ideal performance under collimated light [5] , the spectrum splitting CPV module is significantly less influenced by the angle of incidence. The higher energy radiation is absorbed directly in the transmissive CPV to be converted to electricity while the lower energy radiation passes through the transmissive CPV to the thermal receiver, where it is absorbed and stored as heat energy. A scalable heat engine will generate electricity on demand from the stored thermal energy.
A. CPV Cell Model
The transmissive CPV module consists of five main layers: a transparent superstrate, encapsulant, triple junction solar cell, optical adhesive, and a transparent substrate. A cooling fluid is also employed in this design to regulate module temperature The CPV absorbs incident light with energy larger than the smallest bandgap and allows light with lower energy to pass through to the thermal receiver -effectively splitting the solar spectrum into two parts. Fig. 3 shows a potential choice of materials for the triple junction solar cell. The bandgaps for each subcell are 2.20, 1.80 and 1.51eV respectively.
A model of the performance of the CPV module was assembled based on detailed balance calculations. The model incorporates material properties of each subcell, such as external radiation efficiency (ERE) and refractive index, as well as full-module parameters such as optical efficiency and étendue. ERE values of 0.1%, 5% and 1% and absorption values of 90%, 90% and 90% were used for the top, middle and bottom junctions respectively. By nature, CPV is only able to take advantage of direct radiation, so the ASTM G-173-03 spectrum was used, along with a concentration factor of 500X and concentrator optical efficiency of 90%. Fig. 4 shows the I-V curves for each subcell, as well as the complete triple junction cell. The model shows a conversion efficiency in the 3J cell of 52.7% for in-band light (light with energy above the lowest bandgap in the 3J cell).
B. Optical Model
An optical model of the CPV module is assembled using a transfer matrix style approach including reflection, absorption, and transmission in each layer. Based on our angle-dependent anti-reflection coating designs, the average reflections between air and superstrate, encapsulant and cell, and cell and adhesive were 2.3%, 2.7% and 2.7% respectively. Also, the light loss caused by the contact grid on the front and backside of the solar cell are estimated to be 5% and 2% respectively, which could be achieved after optimization and co-alignment of the contact grid at the interfaces.
The encapsulant in almost all PV modules has been ethylene vinyl acetate (EVA). However, an optically superior alternative to EVA is silicone. According to the optical loss mechanisms studied in detail by Ketola et al. [6] , silicone encapsulant offers a distinct optical benefit due to its higher UV transparency compared to EVA. Also, other features like low moisture absorption and broad temperature use range [7] make silicone an ideal encapsulant for our CPV module. Here we employ silicone material as both encapsulant and adhesive.
As can be seen in Fig. 5 , the out-of-band light (light with energy below the CPV cell's lowest bandgap) is lost most in the interface between the encapsulant and solar cell. That is largely due to two reasons. One is the anti-reflection coating design, which was focused on the UV-visible region, leaving the infrared region with average reflection about 4.7%. The other is shadow caused by contact grid, which was mentioned above. For light exiting the substrate material at the back of the module (prior to reaching the cooling fluid), the total modeled energy transmission for out-of-band light is 80.1%.
As can be seen in Fig. 6 , there is a small portion of infrared (IR) light absorption in the encapsulant and adhesive. It is nearly 0.3% of the incident light power. However, compared to the absorption in the 1mm thick cooling fluid channel, the absorption in other layers can be neglected. Our model currently employs a synthetic organic heat transfer fluid as a cooling fluid. Ideally, a good cooling fluid employed in our system must both transmit infrared radiation with low absorption and have high thermal conductivity. Absorption in the cooling fluid will need to be decreased, either by decreasing the thickness of the cooling channel, or by finding a less absorbing fluid.
C. Thermal Model
Under concentration, CPV cells can reach high temperatures that, if not dissipated effectively, will reduce their efficiency, reliability, and longevity. There are two main options to cool down solar cells and keep them working in an optimum operating range of temperature: passive cooling using metal fins or heat pipes, or active cooling using flowing gas or liquid. In our model, a synthetic organic heat transfer fluid with heat capacity 1.93 kJ/(kg*K) and thermal conductivity 1.28W/(m*K) flows at a rate of 1.89 cm/s under the CPV module to remove the excess heat. We use COMSOL, a finite element method package, to simulate the temperature of the CPV module under different concentration ratios. Fig. 7 shows the temperature distribution along the light path through the center of the module.
The temperature drops most significantly through the adhesive layer, pointing to a key barrier to thermal conductivity and cooling. Thinner adhesive and/or less thermally insulating materials will significant improve cooling performance. In any case, when the concentration ratio is 978-1-4799-7944-8/15/$31.00 ©2015 IEEE 500X, the temperature is around 80°C, which is an acceptable value for robust solar cell performance. However, if this PV module is put under concentration ratio larger than 1500X, the operating temperature is increasing larger than 130°C, a scenario in which the cooling system lacks enough heat dissipation to adequately cool the solar cells. This issue is an important design parameter that can influence the cell's performance, which could be treated by further optimization of the cooling system -possibly through better choice of cooling fluid or the addition of front-side heat sinks.
D. Module model
For grid interconnection, it is necessary for the solar cells in our module to be wired in series and parallel to increase the power and voltage above that from a single CPV cell. An individual solar cell with the bandgap structure shown above has a voltage of 4.46V under 25⁰C and 500X AM1.5D illumination. Taking into account an expected reduction in CPV cell voltage due to temperature [8] and contact resistance, a preliminary module is designed consisting of 21 solar cells, which are arranged with 7 interconnected solar cells in series and 3 series in parallel. This gives an opencircuit voltage of about 30V under standard test conditions, and an operating voltage power at maximum power and operating temperature of about 25-28V. We design for excess voltage beyond what is needed in our inverter to account for voltage drop caused by other elements of the PV system, including operating away from maximum power point and reductions in light intensity. Here, a DC/AC inverter with an input voltage range from 25V to 30V and current range from 7A to 10A is chosen to be compatible with the 21 transmissive solar cell array.
E. Fabrication Challenges
To obtain very highly IR transmissive and economical multijunction solar cells using III-V group materials we will employ epitaxial lift-off (ELO) technology, in which the thinfilm cell structure is "peeled off" from the substrate by means of wet chemical etching of an intermediate sacrificial layer. This technique grants the possibility of substrate reuse, significantly decreasing the cost of the solar cell [9] . While this approach in promising, the successful large-scale production of high quality cells without cracking, delamination, or threading dislocations for large area devices is an ongoing challenge.
Also, the layout of the front contact grid must be designed for operation under concentrated light while maximizing light transmission. The losses from series resistances grow with the increasing current densities associated with high concentration. Those power losses can be minimized through the optimization of the front contact structure with respect to the shading losses [10] . Meanwhile, the co-alignment of the electrical grid on the front and back sides of the solar cell are a fabrication challenge. They will be designed to minimize the shadowed area that does not contribute to electricity generation in the module.
Under heavy concentration, light with non-uniform intensity will be incident on the solar cells, resulting in temperature dispersion within the CPV module. This will lead to differing thermal expansion in different layers, potentially causing stress between layers of the CPV module. The performance and the durability of the module are also strongly sensitive to the uniformity of incident light. Significant engineering of the module remains, keeping in mind the electrical, thermal, and optical properties of all materials.
III. CONCLUSION
We have presented a new solar energy conversion system that combines the high efficiency of CPV (using only high energy photons) with the storage and dispatchability of CSP (using only low energy photons). A key enabling technology for this hybrid system is a spectrum splitting partially transmissive CPV module. Our CPV model shows conversion efficiency of 52.7% for in-band light and transmission of 80.1% of out-of-band light through the module. We also show that these CPV cells can be maintained at ~80°C under 500X concentration by using an active cooling fluid. This high efficiency, dispatchable, low cost, and modular solar energy conversion system is expected to be an ideal candidate for small to medium scale power generation applications.
